The ovalbumin gene family in Gallus gallus is composed of three homologous genes located within a 46 kb locus on chromosome 2: ovalbumin, ovalbumin-related protein Y (OVAY), and ovalbumin-related protein X (OVAX) genes. The expression of these genes in hen oviduct is under estrogen control, but their relative hormonal responsiveness and subsequent protein concentration in egg, is distinctive. Interestingly, all three proteins lack the classical signal peptide for secretion. Ovalbumin, OVAX, and OVAY belong to the serine protease inhibitor (serpin) family whose members share a common tertiary structure. Ovalbumin and OVAX are one of the few members of this family that do not express any protease inhibition activity whereas OVAY has been predicted to be inhibitory, by comparison with the consensus sequence for inhibitory serpins. In contrast to ovalbumin and OVAY, OVAX interacts with heparin, a negatively charged glycosaminoglycan, via a positively charged domain exposed at the surface of the molecule. Ovalbumin is the major egg white protein and might be a source of amino acids for the developing embryo. The physiological function of OVAY is not known, but recent data have revealed a possible role of this protein in early embryonic development. Considering the antibacterial activities of OVAX, this protein might play a role in egg defense. This review sheds light on the expression, biochemistry, and structural specificities of these three highly similar paralogs. It gives new clues in favor of diverging functions, which are likely to have arisen by duplication events from a common ancestral gene.
INTRODUCTION
The chicken egg contains all the nutrients, vitamins, minerals, and biological activities to ensure the development of an embryo within 21 days. The last decade was marked by the advent of proteomics and transcriptomics, which helped to identify hundreds of egg proteins distributed in all the egg compartments. However, there is much work to be done to characterize their physiological function with regard to reproduction and embryonic development. Ovalbumin is the major egg white protein synthesized in the hen's oviduct, within the magnum tissue, and is responsible for egg white formation. It accounts for about 54% of the total proteins of egg albumen. First isolated and purified by crystallization by Hofmeister in 1890 [1] , the protein was named ovalbumin by Osborne and Campbell in 1900 [2] . Hunt and Dayhoff [3] were the first to underline a phylogenetic relationship between the chicken ovalbumin and the two human-plasma protease inhibitors a1-antitrypsin and antithrombin III. They proposed a provisional name of ovalbumin-antithrombin superfamily, which later became the SERPIN family (for serine protease inhibitor). Ovalbumin (SERPINB14) is the founding member of the subgroup clade B serpins, also known as ov-serpins [4] . However, ovalbumin does not possess any protease inhibitory activities and little is known regarding its physiological functions.
The ovalbumin gene possesses two paralogs called the OVAX and OVAY genes localized within a 46 kb region on chromosome 2 in Gallus gallus [5] . Ovalbumin-related protein X (OVAX, SERPINB14C) and ovalbumin-related protein Y (OVAY, SERPINB14B) genes have likely arisen by duplication events from a common ancestral gene because the two gene-coding sequences share highly significant similarity with that of the ovalbumin [6, 7] . The two related proteins OVAY and OVAX have been identified in egg white in 2006 [8] , and although their physicochemical properties have been characterized recently, their physiological functions remains undefined. There is, however, increasing data in literature regarding their potential involvement in some aspects of fertilization or embryonic development [9] [10] [11] or egg defense [12] .
Many new gene functions have evolved through gene duplication, and the question is whether OVAX and OVAY have acquired a new adaptive function as compared with that of ovalbumin. In this review, we propose an overview of ovalbumin and its related proteins with regards to new information concerning their expression, biochemistry, and structural properties, as well as emerging biological activities.
GENE ORGANIZATION AND EVOLUTIONARY HISTORY
The first mention of ovalbumin gene duplication dates back to 1977 [13] . Royals et al. [5] confirmed the hypothesis of ovalbumin gene duplication in 1979 with the discovery of the two genes OVAX and OVAY, similar to the ovalbumin gene.
These duplication events can be approximately dated to 50-80 million years ago based on nucleotide drift at silent sites in amino acid-coding sequences of ovalbumin, OVAX, and OVAY proteins [6, 7] . The gene duplication may have happened only in birds because no orthologs have been found in humans or other vertebrate species [14, 15] . Indeed, using Ensembl options [16] and the updated databanks, three orthologues were found in turkey, duck, and fly-catcher. However, it is noteworthy that several coorthologues could be identified in lizard (Anolis carolinensis), turtle (Pelodiscus sinensi), horse, and fishes, including Amazon molly (Poecilia formosa), cave fish (Astyanax mexicanus), cod (Gadus morhua), fugu (Takifugu rubripes), medaka (Oryzias latipes), platyfish (Xiphophorus maculatus), spotted gar (Lepisosteus oculatus), stickleback (Gasterosteus aculeatus), tetraodon (Tetraodon nigroviridis), tilapia (Oreochromis niloticus), and Zebrafish (Danio rerio).
Localized on chromosome 2 in the order 5 0 -X-Y-ovalbumin-3 0 , the three genes are similarly oriented and share closely related sequences composed of 7564 nucleotides for ovalbumin and 6652 and 7071 nucleotides for the OVAY and OVAX genes, respectively. The lengths and number of coding exons are identical between the three genes except for the last exon, exon 7, where two insertion-deletion events have probably occurred in the OVAX gene during evolution [6, 7] . The start and stop codons found in the amino acid-coding sequence are basically at the same location for the three genes. Alignment of mRNA sequences of all three genes using National Center for Biotechnology Information databank for updated accession numbers and data (ovalbumin mRNA, NM_205152.1; OVAY mRNA, NM_001031001.1; OVAX mRNA corresponding to protein accession number AGN32861.1 [12] ) indicates a sequence identity of 72.6% between ovalbumin and OVAX, of 71.5% between ovalbumin and OVAY, and 81.9% between OVAX and OVAY (http://www.ebi.ac.uk/Tools/msa/clustalo/) [17] . Some repetitive sequences have been identified in the OVAX introns, 3 0 end and upstream from the OVAY leader, but these sequences do not cross-hybridize with the repetitive sequences found in the OVAY gene. In 1980, these sequences have been referred to as potential regulatory elements for steroid-induced genes [7] .
Although highly similar in nucleic sequences, ovalbumin, OVAY, and OVAX genes have been retained by selective pressure during evolution, which strongly suggests that the genes and the corresponding proteins might have acquired some specific properties of interest for the egg and the developing avian embryo.
EXPRESSION OF OVALBUMIN GENES: LOCATION AND INDUCTION

Tissue Specificity
Ovalbumin and its related proteins OVAY and OVAX are mainly produced by the oviduct [18, 19] and more specifically by tubular gland cells of the chicken's magnum (egg white formation), although a significant expression of ovalbumin gene has been observed in the infundibulum (vitelline membranes) and white isthmus (eggshell membranes) by quantitative RT-PCR [12] . Repression of ovalbumin gene in nonoviduct tissue and in estrogen-deprived oviduct depends on a strong repressor site located from À130 to À100 and designated CAR (for COUP-TF adjacent repressor) [20] .
Protein synthesis of ovalbumin and its homologs relies upon hormonal stimulation and is intimately related to egg formation in sexually mature hens. In 15-to 16-wk-old pullets, estrogens will initiate the cytodifferentiation of tubular gland cells in the magnum part of the oviduct epithelium, which synthesizes ovalbumin. Tubular gland cells start to synthesize ovalbumin before gland formation. Progesterone itself cannot stimulate ovalbumin synthesis but the combination of estrogens and progesterone seems to have an initial synergistic effect on ovalbumin synthesis as assessed by immunoprecipitation of ovalbumin from oviduct explants labeled with radioactive amino acids [21] . Similar to ovalbumin, the steroid hormone estradiol stimulates the levels of OVAX and OVAY transcripts but to varying degrees [5] . Indeed, the transcriptional rate of the three genes differs on the order of ovalbumin:OVAY:OVAX ¼ 100:10:1 as reported by using 3 H-labeled ovalbumin, OVAY, and OVAX probes [22] . Others have shown that after administration of estradiol to chicks withdrawn for 2 days, OVAX and OVAY mRNAs accounts for 0.3% and 0.8% of ovalbumin mRNA, respectively, using 32 P-specific probes whereas the level of OVAX mRNA and OVAY mRNA is 0.2% of that of ovalbumin's in laying hens [23] . Interestingly enough, these authors have also noticed that various hormonal treatments with estradiol, progesterone, testosterone, and dexamethasone alone or in combination do not have the same effects on ovalbumin, OVAX, or OVAY transcription, suggesting some specific features in the promoter regions of these three related genes [23] . However, the comparison between 5 0 -flanking regions of all three genes revealed a high sequence homology (about 70%), and the analysis of the primary structure of all the genes did not show any significant traits that could explain their potential diverging responsiveness [24] . To date, there is still no evidence of specific domains or responsive elements that could shed light on the differences in mRNA abundance of these three genes. One have suggested that the lower abundance of OVAX and OVAY mRNAs might reflect some specific RNA processing or instability rather than a true difference in hormonal responsiveness [23] .
PROTEIN DISTRIBUTION AND ABUNDANCE IN EGGS
Ovalbumin, OVAX, and OVAY have been detected in all egg compartments, including egg yolk [25, 26] , egg white [8, 27, 28] , vitelline membrane [29] , and eggshell [30] . All of them are mainly concentrated in the egg white. Ovalbumin is the major egg white protein with a concentration of 50-60 mg/ ml of egg white. According to emPAI values from proteomic approaches, ovalbumin, OVAY, and OVAX are in the top-12 most prominent proteins of egg white and vitelline membrane [28, 29] . OVAY concentration in egg white is hypothesized to be about 7 mg/ml (13% of the whole egg white ovalbumin) [31] . Regarding OVAX, based on yield of purification from egg white, its concentration was estimated to be 0.3 mg/ml in egg white, which is consistent with the estimated values from expression [22, 23] .
Some recent publications have underlined that the abundance of some of these proteins could vary depending on stressful environments [32] because treating the hens with corticosterone to mimic stressful environment affects the expression of ovalbumin and its two related proteins; in addition, the type of egg production, conventional versus the organic production, affects the abundance of ovalbumin degradation products [33] . The genetic origin [33] seems also to contribute to differences in ovalbumin(s) because higher abundances of OVAX and OVAY but also higher propensities of cleaved forms of ovalbumin (suggesting some degradation processes) have been reported for white eggs (Single comb white Leghorn hens) as compared with brown eggs (Rhode Island Red hens) [33] . Some have also observed that the expression of the ovalbumin gene in hen oviduct decreases DA SILVA ET AL. during aging [34] . There is to date no evidence of such a regulation of OVAX and OVAY expression.
PRIMARY SEQUENCES: COMMON FEATURES AND DIFFERENCES
Identities and Motifs
The alignment of ovalbumin (386 residues), OVAX (402 residues), and OVAY (388 residues) protein sequences deduced from mRNA reveals that ovalbumin shares 57.5 % and 61.9 % protein sequence identity with OVAY and OVAX protein sequences, respectively, whereas OVAX and OVAY sequences have 73.45 % identity (Fig. 1) . Ovalbumin, OVAX, and OVAY belong to the serpin superfamily based on the presence of a stretch of 11 residues, which fits with the consensus sequence for serpin members. These are FRADHPFLFCI, FRADHPFLFFI, and FRADHPFLFLI for ovalbumin, OVAY, and OVAX, respectively.
Nonconventional Signal Peptide
All three proteins are secreted in the egg upon production by the oviduct although they all lack the classical signal peptide associated with most secretory proteins [35, 36] . Ovalbumin was shown to contain an internal rather than an N-terminal signal sequence [37] and is secreted without cleavage of a hydrophobic signal peptide. The initiating methionine is cleaved from the primary translation product of ovalbumin mRNA when the nascent polypeptide is about 20 residues long, and the newly exposed N-terminal glycine is then further acetylated [36] . The location of the signal peptide in ovalbumin remains unclear as some have identified a region around residue 240 [37] whereas others have described a peptide of 27 residues near the N-terminal extremity of the ovalbumin sequence [38] . Considering the latter peptide, this region is 74% identical to that of OVAY and 63% identical to that of OVAX, suggesting that these two proteins might undergo similar mechanisms of secretion. But the reason why the internal peptide of members of the ovalbumin's family is not cleaved upon secretion has not been solved yet. This specificity is quite unusual. Only two of the 30 serpins analyzed undergo a similar mechanism of secretion: plasminogen activator inhibitor 2/SERPINB2 and leucocyte elastase inhibitor/SERPINB1. Similarly, the analysis of the major proteins identified in the various chicken egg compartments-lysozyme (P00698), ovomucoid (P01005), ovoinhibitor (P10184), ovostatin , and ovalbumin-related protein X (OVAX, AGN32861.1). The alignment was performed using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) [71] and BoxShade (http://www.ch. embnet.org/software/BOX_form.html) [72] . Identical and similar residues are indicated in black boxes and gray boxes, respectively.
CHICKEN EGG OVALBUMINS
(P20740), ovotransferrin (P0278), riboflavin-binding protein (P02752), Tenp (O42273), avidin (P02701), ovomucin/mucin 5B (Q98UI9), cystatin (P01038), ovomucin (F1NBL0), AvBD-11 (Q6IV20), transthyretin (P27731), apolipoprotein B (F1NV02), apolipoprotein A-I (P08250), albumin (P19121), zona pellucida sperm-binding protein 3 (P79762), zona pellucida protein 1 (Q9DER4), apolipoprotein D (Q5G8Y9), VMO-I (P41366), vitellogenin 3 (Q91025), vitellogenin-2 (P02845), apovitellenin (P02659), osteopontin (P23498), clusterin (Q9YGP0), OCX-32 (Q90YI1), OC-17 (V5NUE7), OC-116 (F1NSM7), and pleiotrophin (R4GMK4)-revealed that only Tenp (O42273), a protein found in egg white and the vitelline membranes, also lacks the classical signal peptide for secretion. The biological significance of the peculiar ability of Tenp, members of the egg ovalbumin family, and at least two vertebrate serpins, as well as probably other proteins, to be secreted via endoplasmic reticulum/Golgi-independent mechanisms remains, however, poorly understood. With respect to OVAY, an acetylation of the N-terminal residue has been hypothesized [31] . Mass spectrometry analysis of the OVAX sequence allowed the identification of the peptide MFFYNTDFR corresponding to the sequenced mRNA [12] , which confirmed that the N-terminal extremity of OVAX is somehow different from that of ovalbumin and OVAY. Furthermore, OVAX is not predicted to be N-acetylated using NetAcet 1.0 Server [39] .
Biochemical Features
Biochemical properties of ovalbumin, OVAY, and OVAX are summarized in Table 1 . Ovalbumin and OVAY display similar isoelectric points (pI ;5.2) and comparable molecular weight (42 881 Da and 43 772 Da, respectively). OVAX exhibits a higher pI (6.29) and molecular weight (45 430 Da). A disulfide bond has been described for ovalbumin (Cys74-Cys121, [40] ). This bond might also be present in OVAY, considering that Cys74 and Cys121 are conserved. For OVAX, because its amino acid sequence is longer, especially in the vicinity of the first cysteine residue (five additional residues), it has been hypothesized that the two corresponding cysteines are spatially too distant to form a disulfide bond [12] .
OVAX and OVAY are highly glycosylated whereas only one site of glycosylation has been identified for ovalbumin. The Asn293 of the ovalbumin carries a carbohydrate chain composed of mannose and N-acetylglucosamine with b (1-4) links ( [41] ). A study on N-glycosylation site-deletion ovalbumin mutants described this carbohydrate chain as necessary in ovalbumin folding and secretion [42] . This glycosylated site is present in OVAY, and deglycosylation experiments done on OVAY confirmed that this protein is glycosylated [31] . The glycosylation sites of OVAY need to be further identified but in addition to Asn293, three potential N-glycosylated sites were predicted on Asn95, Asn215, and Asn312. OVAY seems to have a carbohydrate moiety similar to that of egg white ovomucoid [43] . Regarding OVAX, two N-glycosylated sites were confirmed by tandem mass spectrum analysis: Asn111-Tyr-Ser and Asn229-Asn-Ser [12] whereas a third glycosylation site has been recently identified on Asn326-Leu-Thr (G. Harichaux, unpublished results). The first sites were also identified as nonglycosylated, suggesting a macroheterogeneity in OVAX glycosylation pattern.
Two phosphorylation sites were identified in ovalbumin on Ser68 and Ser344 [44] whereas OVAY has been shown to be nonphosphorylated [31] . Numerous phosphorylation sites are predicted for OVAX and need to be confirmed.
Ovalbumin and OVAY are closely related in terms of sequence, pI, and molecular weight except that OVAY seems to bears carbohydrate chains, allowing its purification using antibodies against ovomucoid carbohydrates [43] . Concerning OVAX, many different properties can be exploited to selectively purify this protein from egg (e.g., pI and molecular weight). One of them is its affinity to heparin, a negatively charged glycosaminoglycan secreted by mastocytes and present in the extracellular matrix, which greatly facilitates the process of purification by affinity chromatography [12] .
THREE DIMENSIONAL STRUCTURES
Serpins and Ov-serpins
As previously mentioned, all three proteins belong to the serpin family, which share the same overall three-dimensional structure consisting of eight to nine alpha-helices and three beta-sheets. These secondary structures make up the main core of the protein. The inhibitory activity of serpins against serine proteases is triggered by a highly flexible region forming the reactive center loop. Ovalbumin is a member of the subgroup SERPINB, also known as ovalbumin-related serpins (ovserpins) defined by common structures: shorter N-and Ctermini than the other serpins, a nonconventional signal peptide, and a similar gene organization [14] . Most ov-serpins do not exhibit any inhibitory activity [45] , which can be DA SILVA ET AL.
explained by multiple deviations in the hinge region of the reactive center loop compared with the consensus sequence for inhibitory serpins. This consensus sequence consists of Glu at P17, Glu/Lys/Arg at P16, Gly at P15, Thr/Ser at P14, small aliphatic residues (Ala/Gly/Ser) at P12-P9, and Thr/Ser at P8, according to the nomenclature of Schechter and Berger [46] . The analysis of the OVAX and OVAY hinge region sequences reveals that of these two related proteins, OVAY would be a more likely candidate to inhibit serine proteases (Fig. 2) . In this respect, OVAX was shown to lack inhibitory activity against proteases [12] . The specificity Lys-His (K-H, Fig. 2 ) of the reactive site for OVAY suggests that OVAY could inhibit trypsin-like proteases. The crystal structure of ovalbumin has been solved in 1990 [40, 47] . As expected, it adopts the classical serpin conformation. The analysis of the distribution of electrostatic charges in the ovalbumin structure, OVAX model [12] , and OVAY model (S. Beauclercq, unpublished results) reveals the presence of a positively charged domain at the surface of OVAX molecule, in contrast to ovalbumin and OVAY (Fig. 3) . This specific region is supposed to be responsible for the heparin-binding properties of OVAX [12] .
S-Ovalbumin
Interestingly enough, during storage of eggs [48] , during incubation [49] , or in vitro, under alkaline conditions [50] , the native ovalbumin form is converted into a thermostabilized conformer called S-ovalbumin. The latter undergoes chemical inversion of some serine residues as well as some slight conformational changes, which decrease the accessibility of part of the hydrophobic core of the molecule, giving some thermodynamical advantage and higher stability to the molecule [51, 52] . To date, we do not know whether OVAY and OVAX are similarly modified during storage or incubation.
FUNCTIONAL CHARACTERIZATION
Although ovalbumin has been identified more than a century ago and despite the numerous studies that have been conducted to characterize the physicochemical and structural properties of this molecule, we still speculate about its physiological function in egg white. Proteomic studies performed on the egg white at different stages of embryonic growth did not reveal any significant alteration of ovalbumin during incubation although some degradation products as well as protein-protein complexes have been identified [11] . The current hypothesis is that ovalbumin serves as a source of amino acids for the developing embryo. Indeed, from the 11th day of incubation onward, the egg white migrates to the amniotic fluid to be orally absorbed by the embryo. Before absorption by the embryo, egg white proteins are likely to be protected from proteolysis thanks to the highly concentrated active protease inhibitors present in the egg white (ovomucoid, ovoinhibitor, ovostatin, and cystatin [53] ). We still do not know whether egg white proteins are altered or activated within the gastrointestinal tract of the embryo once they are swallowed. In vitro proteolysis of ovalbumin has revealed new biological activities for the digestion products, including antibacterial, antihypertensive, and antioxidant properties [43, [54] [55] [56] [57] . Therefore, ovalbumin might play a role during late embryogenesis within the embryo or in the other egg compartments (yolk sac) [49, 58, 59] .
The role of OVAY has not been explored yet but some have shown that its abundance was affected during incubation [9, 11] and that it was associated with fertilized eggs. Indeed, various protein spots corresponding to partly proteolyzed (or possibly activated) OVAY showed more than a 10-fold increase (P , 0.01) in abundance in freshly laid fertilized chicken egg whites compared with unfertilized egg whites [10] . Because OVAY has been predicted to inhibit serine proteases with trypsin-like specificities, the identification of its physiological protease(s) if any, for example, acrosomal proteases from spermatozoa or vitelline membrane proteases such as ovochymase [29, 60] , might be helpful to better appreciate the biological significance of these findings. Indeed, protein C inhibitor/SERPINA5, a serpin-inhibiting trypsin-like protease has been suggested to protect human spermatozoa against premature acrosome reaction and degradation, thereby modulating the acrosin activity so that it can coincide with binding to the oocyte [61] . Similarly, plasminogen activator inhibitor 1/ SERPINB2 has been shown to bind mammalian spermatozoa [62] and has been proposed to preserve the oocyte/embryo , and OVAX (model; C). Automatic homology modeling of OVAX and OVAY was performed using I-TASSER (Iterative Threading ASSEmbly Refinement), which is a hierarchical method for protein structure and function prediction. Modeling parameters were set as default and the three-dimensional models were built using the threedimensional structure of chicken uncleaved ovalbumin as the template (Protein Data Bank Code :1OVA). Right panel: schematic representation of the three-dimensional structure of ovalbumin (A), of OVAY model (B), and OVAX model (C). Left panel: electrostatic distribution of positive charges (blue) and negative charges (red). The predicted heparin-binding domain of OVAX is indicated with a blue circle.
CHICKEN EGG OVALBUMINS from degradation and/or extracellular matrix remodeling of both oviduct and early cleavage-stage embryo [63] Considering OVAX, it was shown to exhibit antimicrobial activities against at least two pathogens, Listeria monocytogenes and Salmonella enterica enteritidis via its heparinbinding domain (positively charged domain) [12] (Fig. 3) . These activities suggest a role for OVAX at least in egg defense. A similar function has been proposed for heparinbinding serpins such as protein C inhibitor/SERPINA5 [64] and heparin cofactor II/SERPIND1 [65] along with their major role in coagulation and/or fertilization processes. Potential cellular activities of OVAX should also be mentioned because OVAX makes up a fraction of egg white proteins exhibiting proliferative activities [66] and because many growth factors are heparin-binding proteins (e.g., fibroblast growth factor, epidermal growth factor).
CONCLUSION
Ovalbumin, OVAY, and OVAX, although highly similar in their primary sequence, exhibit distinct and subtle physicochemical and structural differences that might be associated with specific function. However, there is to date a lack of information regarding the biological activities of all three proteins. Serpins play multiple physiological roles in many species, and some have evolved in order to acquire new functions distinct from protease inhibition, such as cell adhesion and migration [67] , angiogenesis [68] neuronal development [69] , and blood pressure regulation [70] . The fact that egg white is orally absorbed by the embryo from the 11th day of incubation onward, together with the relative stability in abundance of these proteins in egg white during early embryogenesis, suggests that they might have a role later within the embryo or in extraembryonic fluids as native molecules or as activated peptides. This remark is particularly relevant considering the increasing data about the activity of ovalbumin proteolytic products (e.g., antihypertensive, antioxidant). To conclude, the physiological activity of egg white ovalbumin, OVAY, and OVAX remains an open question.
